Estrogen receptor beta (ER␤) is highly expressed, but ER␣ is not detectable in granulosa cells in the mouse ovary. In ER␤ knockout (BERKO) mice, there is abnormal follicular development and very reduced fertility. At 3 wk of age, no significant morphologic differences were discernable between wild type (WT) and BERKO mouse ovaries, but by 5 mo of age, atretic follicles were abundant in BERKO mice and there were very few healthy late antral follicles or corpora lutea. At 2 yr of age, unlike the ovaries of their WT littermates, BERKO mouse ovaries were devoid of healthy follicles but had numerous large, foamy lipid-filled stromal cells. The late antral and atretic follicles in BERKO mice were characterized by a high level of expression of the androgen receptor (AR) and IGF-1 receptor. These proteins were abundantly expressed in granulosa cells of preantral and early antral follicles in both genotypes, but their expression was extinguished in late antral follicles of WT mice. Healthy late antral follicles and corpora lutea were restored in BERKO ovaries after 15 days of treatment of mice with the antiandrogen flutamide. The results suggest that in the absence of ER␤ there was a loss of regulation of AR. Because androgens enhance recruitment of primordial follicles into the growth pool and cause atresia of late antral follicles, the inappropriately high level of AR probably is related to the follicular atresia and to the early exhaustion of follicles in BERKO mice.
INTRODUCTION
In the ovary, oocytes in primordial follicles can remain dormant for years (in women, for 50 yr) until stimulated to develop. A complex network of endocrine and paracrine signals is involved in the recruitment of dormant oocytes into the growth pool, where the follicles progress through morphologically well-characterized developmental stages of primary, preantral or secondary, antral or tertiary, and preovulatory or Graafian follicles and finally to ovulation [1] [2] [3] [4] [5] . Two functionally distinct types of follicular devel-1 Supported by grants from KaroBio AB, the Swedish Cancer Fund, and the Swedish Medical Research Council. S.S. has a fellowship from the Wenner-Gren Foundation and a research grant from the Scandinavia-Japan Sasakawa Foundation. These antral follicles constitute a pool from which cyclic recruitment occurs at each estrous cycle. At each cycle, a small cohort of antral follicles proceeds to ovulation, but many follicles undergo atresia [2] .
Follicular atresia is hormonally controlled apoptosis [2] [3] [4] . FSH and estrogen are essential for follicles to escape atresia and reach the preovulatory follicle stage [2, [6] [7] [8] .
The major role of FSH in this process is to elevate estrogen levels through stimulation of aromatase expression in granulosa cells [4] . In addition, several ovarian growth factors such as insulinlike growth factor-1 (IGF-1), epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), and the cytokine interleukin-1␤ participate in prevention of follicular apoptosis [2] [3] [4] .
In the rodent ovary, estrogen receptor (ER)-␣ and ER␤ are expressed in distinctly different cell types. ER␤ is expressed in the nuclei of granulosa cells of primary, secondary, and mature follicles but not in the germinal epithelium or in thecal, luteal, or interstitial cells. ER␣ protein is not detectable in granulosa cells but is found in the germinal epithelium and in interstitial and thecal cells [9] [10] [11] [12] [13] . The distinct patterns of distribution of ER␣ and ER␤ in the ovary suggest that the 2 ERs mediate different aspects of estrogen action in this organ. ER␣ knockout (ERKO) mice are infertile, with follicular development arrested at the preovulatory stage [14, 15] . The primary cause of this defect is an elevated level of serum LH [16] . ER␤ knockout (BERKO) mice exhibit abnormal follicular maturation and have very few corpora lutea. Superovulation experiments indicate that the reduction in fertility in BERKO mice is the result of reduced ovarian efficiency [9] . The ovarian phenotype of aromatase knockout (ARKO) mice, in which no estrogen is produced [17] , is different from that of either ERKO or BERKO mice, indicating that ER␣ and ER␤ have distinct roles in follicular maturation.
Androgens serve 2 distinct functions in the ovary. As substrates of P450 arom , they are precursors of estrogen, but they also act via androgen receptors (ARs) at 2 stages in the development of follicles. During initial recruitment, androgen is a stimulating factor increasing the recruitment of primordial follicles into the growing pool of developing follicles. Treatment of female mice with androgens increases the number of primary follicles in the ovary and the expression of IGF-1 receptor (IGF-1R) mRNA in primordial follicle oocytes [18, 19] . During cyclic recruitment, androgens promote atresia [1] [2] [3] . In the present study, we investigated the ovarian phenotypes of BERKO mice from 3 wk to 2 yr of age and gathered evidence for a relationship between the extensive follicular atresia in these mice and a defect in regulation of AR expression.
MATERIALS AND METHODS

Animals
The ovaries of wild-type (WT) mice (5 mice 3 wk old, 28 mice 5 mo old, 13 mice 2 yr old) and BERKO mice (5 mice 3 wk old, 25 mice 5 mo old, 15 mice 2 yr old) were removed for morphologic observation. Immunohistochemical studies were performed on 14 WT and 15 BERKO mice 5 mo of age. Animals were used under the Guidelines for Care and Use of Experimental Animals issued by Stockholm Södra Djurförsökse-tiska Nämnd. Animals were maintained under standard environmental conditions, with free access to food and water. WT and BERKO mice were bred from heterozygous male and female mice. Genotyping by polymerase chain reaction was performed on DNA isolated from tails of 2-wk-old mice [20] . Mice were killed by CO 2 asphyxiation. The ovaries were immediately removed, and 1 ovary of each mouse was frozen in liquid nitrogen and the other was fixed in 4% paraformaldehyde overnight and routinely embedded in paraffin.
Antibodies
AR rabbit polyclonal IgG (N20), IGF-1R rabbit polyclonal IgG (C20), and cyclin D2 rabbit polyclonal IgG (M20) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). ER␤ rabbit polyclonal IgG (C-terminal) was purchased from Zymed Laboratories (South San Francisco, CA). Biotinylated goat anti-rabbit IgG and avidin-biotin complex (ABC) kits were obtained from Vector Laboratories (Burlingame, CA).
Morphologic Classification of Growing Follicles
Sections were taken at intervals of 50 m, and 5-m paraffin-embedded sections were mounted on slides (SuperFrost, Braunschweig, Germany). Routine hematoxylin and eosin staining was performed for histologic examination under a light microscope. The number of follicles in 10 sections from each mouse ovary was evaluated by 2 independent investigators. If the assessments were similar, the values were averaged. If there were big differences between evaluations, the sections were examined again. The area of ovary was measured with Easy Image Mating (version 1.66; Bergstrōm Instrument AB, Solna, Sweden). The abundance of each type of follicle was normalized by the area of ovary in the sections [21] . Follicle types in ovarian cross-sections were defined as follows. Primary follicles comprised an oocyte surrounded by a single layer of cuboidal granulosa cells. Preantral follicles comprised an oocyte surrounded by 2 or more layers of granulosa cells with no antrum. Antral follicles were distinguished by the presence of an antrum within the granulosa cell layers enclosing the oocyte. Follicles were determined to be atretic if they displayed 2 or more of the following criteria within a single cross-section: more than 2 pyknotic nuclei, granulosa cells within the antral cavity, granulosa cells pulling away from the basement membrane, or uneven layers of granulosa cells [22] .
Detection of Lipid Droplet by Oil Red O Staining
Oil red O (500 mg; Sigma Chemical Co., St. Louis, MO) was dissolved in 100 ml of 99% isopropanol (Merck, Darmstadt, Germany) as storage solution. The working solution was prepared by filtration after mixing 6 ml of storage solution with 4 ml of double-distilled H 2 O and was used within 1 h. The 8-m-thick cryostat sections were placed on poly-L-lysine (Sigma)-coated slides, stained with oil red O for 2 min, and lightly counterstained with hematoxylin [23] .
Immunohistochemistry
Sections were subjected to a microwave antigen retrieval technique by boiling in 10 mM citrate buffer (pH 6.0) in a microwave oven for 30 min. The cooled sections were incubated in 1% H 2 O 2 for 30 min to quench endogenous peroxidase and then incubated with 1% Triton X-100 in PBS for 10 min. To block the nonspecific binding of secondary antibodies, sections were incubated in normal serum prepared from the host of secondary antibodies (goat serum, Sigma) for 1 h at 4ЊC. Sections were then incubated with the following specific rabbit antisera: anti-AR (1:100), anti-IGF-1R (1:500), anti-cyclin D2 (1:500), or anti-ER␤ (1:500) in 3% BSA overnight at 4ЊC. Negative controls were incubated with only 3% BSA without primary antibody. The ABC method was used to visualize the signal according to the manual provided by the manufacturer (Vector). The sections were incubated in biotinylated goat anti-rabbit immunoglobulin (1:200 dilution) for 2 h at room temperature, followed by washing with PBS and incubation in avidin-biotin-horseradish peroxidase for 1 h. After thorough washing in PBS, sections were developed with 3,3Ј-diaminobenzidine tetra-hydrochloride substrate (DAKO, Carpinteria, CA) and slightly counterstained with Mayer hematoxylin, dehydrated through an ethanol series and xylene, and mounted. Staining for AR and IGF-1 was evaluated by 3 persons according to the intensity of the brown color: ϩ, weak staining; ϩϩ, moderate staining; and ϩϩϩ, strong staining. The scores for the 3 observations for each sample were averaged before analysis.
Treatment with Flutamide
WT and BERKO mice (8 in each group: 3 mice 8 wk old and 5 mice 5 mo old) that were matched littermates were treated with s.c. injections of flutamide (Sigma), 3 mg kg Ϫ1 day Ϫ1 , for 15 consecutive days (4 estrous cycles). Flutamide was dissolved in Intralipid (Pharmacia & Upjohn, Stockholm, Sweden). The WT and BERKO age-matched control animals (8 mice in each group) received the same amount of vehicle. Both ovaries were taken from each mouse and were fixed in 4% paraformaldehyde overnight and routinely embedded in paraffin. Sections were cut at 50 m and stained with haematoxylin and eosin. The total number of corpora lutea in each ovary was evaluated by counting corpora lutea in each section.
Statistical Analysis
The statistical differences between WT and BERKO mice were analyzed using the Student t-test and the chi-square test with SPSS 8.0 software (SPSS, Chicago, IL). Data are presented as means Ϯ SD. Differences were considered significant at P Ͻ 0.05.
RESULTS
Morphology of 3-Wk-Old Mouse Ovaries
Ovaries of 5 WT and 5 BERKO mice at 3 wk of age were compared. There was no significant difference between the WT and BERKO ovaries in abundance of the follicles. In both genotypes, there were 16-21 preantral follicles and 1 or 2 early antral follicles per section. No atretic follicles could be identified at this time (Fig. 1, A and D) .
Morphology of 5-Mo-Old Mouse Ovaries
At 5 mo of age, the most obvious difference was the almost complete lack of corpora lutea in BERKO mice. Of the 28 ovaries examined from WT mice, there were 1-7 corpora lutea in every section (Fig. 1B) . However, of the 25 BERKO mice examined, corpora lutea were seen in only 7 ovaries and in these, there were only 1 or 2 corpora lutea in each section (Fig. 1E ). Quantitative analysis of these differences is illustrated in Table 1 . The mean (ϮSD) number of corpora lutea was 2.8 Ϯ 1.0/mm 2 in WT mice and 0.2 Ϯ 0.2/mm 2 in BERKO mice (P Ͻ 0.001).
The second striking feature of the BERKO ovaries was the abundance of atretic follicles and the paucity of Graafian follicles (Fig. 1, E and F) . There was no significant difference in number of primary or preantral follicles between WT and BERKO mice. The number of healthy antral follicles (Fig. 1C) per mm 2 in the sections was 2.7 Ϯ 0.7 in WT and 1.5 Ϯ 0.4 in BERKO mice (P Ͻ 0.01), and the number of atretic follicles (Fig. 1F ) was 1.5 Ϯ 1.3 in WT and 5.2 Ϯ 2.2 in BERKO mice (P Ͻ 0.001). Of the population of follicles at the antral stage, 72.9% were atretic in BERKO mice and 38.0% were atretic in WT mice (P Ͻ 0.01).
Morphology of 2-Yr-Old Mouse Ovaries
At 2 yr of age, BERKO mice ovaries (Fig. 1J) were smaller than those of their WT littermates, had fewer grow- There are many preantral follicles and a few early antral follicles. In the ovaries of 5-mo-old WT mice (B and C), there were many corpora lutea (CL) and follicles at different stages of growth. Healthy early antral follicles (arrow), healthy preovulatory follicles (open arrow), and atretic follicles (arrowhead) are present in the same section (C). In the ovaries of 5-mo-old BERKO mice (E and F), there are more growing follicles, but most late antral follicles are atretic (arrowhead). Healthy preovulatory follicles and corpora lutea are rare. In 2-yr-old WT mice (G-I), there are many growing follicles and corpora lutea. In some mice, foamy cells (H) are visible in the stroma, but most of the stromal cells are of normal shape. In 2-yr-old BERKO mice (J-L), ovaries are generally smaller and growing follicles are very rare (J). Most of the stromal cells at this age are foamy (K). Oil red O staining of 2-yr-old mouse ovaries revealed small lipid droplets in the stromal (red) but none in the granulosa cells (GC) of WT ovaries (I), but there are abundant big lipid droplets in the stromal cells of BERKO ovaries (L). Bars ϭ 100 m.
ing follicles, and showed a marked absence of corpora lutea (Fig. 1G) . Of the 15 BERKO mice examined, no corpora lutea were found in any ovaries, whereas in WT mice, corpora lutea were present in the ovaries of 10 of the 13 mice examined (P Ͻ 0.05). Follicles at various stages were present in all 13 of the WT mice, but follicles were seen in only 6 of the 15 BERKO mice, and none of these 6 BER-KO mice had healthy antral follicles (P Ͻ 0.001). Atretic follicles accounted for 83% of total follicles in BERKO mice and 31% of follicles in WT mice (P Ͻ 0.001).
In the stroma of 2-yr-old BERKO ovaries, large round foamy stromal cells were abundant (Fig. 1K) . These cells were only occasionally found in WT ovaries (Fig. 1H) . At 2 yr of age, foamy cells accounted for more than 50% of the stromal volume in 13 of 15 BERKO mice compared with 4 of 13 WT mice (P Ͻ 0.05). At 5 mo of age, foamy stromal cells were present in 9 of the 25 BERKO ovaries but none were detectable in any of the 28 WT ovaries (P Ͻ 0.01).
To determine whether these foamy cells represent a pop- ulation in which there was cholesteryl ester accumulation, cryostat sections were stained with oil red O, a dye that detects cholesteryl ester droplets in stromal cells [23] . A cross-section through a WT ovary (Fig. 1I) showed oil red O staining as expected in the thecal cells and stromal cells but none in the granulosa cells. Lipid droplets were large and abundant and filled the cytoplasm in the stromal cells of the BERKO ovaries (Fig. 1L ). There was very little oil red O staining in the epithelium.
ER␤ Localization
In ovaries of WT mice, nuclear ER␤ staining was observed in granulosa cells of follicles at different stages. The intensity of ER␤ immunoreactivity was stronger in antral follicles than in primary follicles ( Fig. 2A) . Thecal cells, interstitial cells, oocytes, and germinal epithelium showed no nuclear ER␤ immunoreactivity. In BERKO mice (Fig.  2B) , no ER␤ expression was detected.
AR Localization
In WT mice (Fig. 2, C and E), AR nuclear staining was most abundant in granulosa cells of healthy preantral and early antral follicles. AR staining was markedly reduced or completely extinguished in healthy late antral and preovulatory follicles. Atretic follicles maintained a high level of AR expression. As in WT mice, AR nuclear staining in preantral and early antral follicles was stronger than that in primary follicles in BERKO mice (Fig. 2, D and F) . However, unlike the situation in the WT mice, there was no reduction in the level of AR in late antral follicles, and most of these follicles were atretic (Table 2 ). Thecal cells, stromal cells, and corpora lutea in both WT (Fig. 2, C and E and BERKO (Fig. 2, D and F) mice had weak to moderate AR expression without significant differences between the 2 genotypes.
IGF-1R Expression
IGF-1R was detected in granulosa, thecal, stromal, and germinal epithelial cells in both WT (Fig. 2G) and BERKO (Fig. 2H ) mouse ovaries, with strongest staining in granulosa cells. There was no obvious difference in the staining in granulosa cells of primary and preantral follicles, thecal cells, and stromal cells between the 2 genotypes. In atretic follicles, the staining of IGF-1R was reduced in WT mice, but it remained strong in BERKO mouse ovaries. Semiquantitative analysis of the IGF-1R staining revealed that the difference was significant. Of the atretic follicles examined in 12 WT mice, 44% were scored as ϩ, 48% as ϩϩ, and 7% as ϩϩϩ. Of the atretic follicles examined in 10 BERKO mice, 5% were ϩ, 46% were ϩϩ, and 48% were ϩϩϩ (P Ͻ 0.05).
Flutamide Reversal of BERKO Mouse Ovary Phenotype
After 15 consecutive days of treatment, there were no marked changes in follicle abundance or in the appearance of corpora lutea between age-matched, vehicle-treated, and flutamide-treated WT mice (Fig. 3, A and B) . In BERKO mice treated with flutamide, late antral follicles and 1-5 corpora lutea were found in each ovary in all of 3 BERKO mice 8 wk of age and in 3 of 5 BERKO mice 5 mo of age (Fig. 3D) . In 2 of the 5-mo-old BERKO mice, no corpora lutea were detected after flutamide treatment. No corpora lutea were seen in any of the 8 BERKO mice that received vehicle treatment only (Fig. 3C) .
The proliferation marker cyclin D2 [5] was used to evaluate the proliferation pattern of granulosa cells after flutamide treatment. In both WT and BERKO mice that received vehicle only, cyclin D2 was expressed in healthy growing follicles but not in the atretic follicles, as expected (Fig. 3, E and G) . The cumulus oophorus of the late antral follicles in WT mice still expressed high levels of cyclin D2 (Fig. 3E) . After flutamide treatment, most of the granulosa cells in healthy late antral follicles in both WT and BERKO mice expressed high levels of cyclin D2 (Fig. 3,  F and H) .
DISCUSSION
With an ER␤-specific antibody, immunochemical studies revealed that ER␤ is expressed exclusively in the granulosa cells in the rodent ovary and that in BERKO mouse ovary there is no ER␤ expression. To understand the mechanism of the previously reported low fertility of BERKO female mice [9] , we focused on the phenotype of the BERKO ovary. There was normal development of ovary before puberty in BERKO mice. The major defect in adult BERKO ovaries was arrest of follicular maturation at the antral stage, as was evident from the very few corpora lutea and the large number of atretic follicles in the ovaries. AR expression remained high in antral follicles in BERKO mouse ovaries but was downregulated in late antral follicles in WT mice. Treatment with the antiandrogen flutamide reversed the BERKO ovarian phenotype, with the appearance of healthy late antral follicles and corpora lutea. With increasing age, more foamy stromal cells, containing large lipid droplets, were seen in BERKO mouse ovaries than in their WT littermates.
Experimental evidence [2] [3] [4] suggests that initial recruitment of follicles is not stimulated by FSH or estrogen. In both WT and BERKO prepubertal mice, follicles developed normally to the preantral stage. At the age of 5 mo, there was no significant difference in the number of primary or preantral follicles between WT and BERKO mice. However, there was an increase in the total number of follicles (healthy and atretic) in the ovaries of BERKO mice at 5 mo of age and an earlier exhaustion of follicles in 2-yr-old BERKO ovaries. This finding suggests that there was enhanced follicular recruitment in BERKO mice.
There was no reduction in recruitment of follicles into the growth pool and there were less healthy antral follicles, more atretic follicles, and very few corpora lutea in mature BERKO ovaries, indicating that the late antral follicle was the stage at which arrest of maturation occured. Cyclic recruitment and survival of follicles depend on pituitary hormones, estrogen, IGF-1, EGF, bFGF, interleukin-1␤, etc. [1] [2] [3] [4] 24] . Because FSH and LH levels are normal in BERKO females [13] , it is unlikely that FSH deficiency is responsible for the increased follicular atresia in BERKO females. Superovulation of BERKO mice with gonadotropins did not completely restore normal ovulation, further evidence that FSH deficiency is not the cause of the defect [9] .
IGF-1, via its receptor on the granulosa cells, enhances the gonadotropin-induced stimulation of aromatase activity, promotes granulosa cell differentiation, and suppresses follicular apoptosis [2, 25] . In IGF-1 knockout mice, there is arrest of follicular development at the antral stage, absence of corpora lutea, low serum estradiol concentration, and failure of gonadotropin administration to reverse the phenotype [22] . In the present study, both WT and BERKO follicles expressed IGF-1R. In BERKO mice, there was an even higher expression of IGF-1R in atretic follicles. IGF-1R, therefore, does not appear to be a limiting factor in follicular development and lack of this factor cannot explain the increased follicular atresia in BERKO mouse ovaries.
Androgens are also important for follicular development. In addition to being precursors of estrogen, androgens via AR enhance FSH-stimulated follicular differentiation and inhibit follicular maturation. Androgens, therefore, either enhance or inhibit granulosa cell steroidogenesis depending on the stage of follicular development. In primary and preantral follicles, there is low P450 arom activity but high levels of AR expression. Androstenedione diffuses from thecal cells into granulosa cells, where it is converted to testosterone. Testosterone then activates AR, leading to increased expression of IGF-1R, stimulation of granulosa cell proliferation, and enhancement of the effects of FSH on induction of P450 arom [18] . As the environment of the oocyte changes from androgen dominant to estrogen dominant, follicles develop from preantral to antral and preovulatory stages. An increase in circulating estradiol produced by the growing follicles exerts a positive feedback regula-
The working hypothesis for the role of ER␤ in follicular maturation is based on current concepts and the data in this study. Androstenedione (A) synthesized in thecal cells under the influence of LH diffuses into granulosa cells, where it is converted to testosterone (T) by 17␤-hydroxysteroid dehydrogenase. T is then converted to E 2 by P450 arom under the stimulation of FSH. In the granulosa cells of preantral follicles (A), because of low P450 arom activity, the conversion from T to E 2 is low and ER␤ is not activated. T interacts with AR, which promotes proliferation of granulosa cells and induction IGF-1. IGF-1 augments the action of FSH, leading to stimulation of P450 arom . By the time the follicle enters the late antral stage (B), P450 arom is highly expressed and T is efficiently converted to E 2 . High levels of E 2 activate ER␤, which in turn downregulates the expression of AR. Thus, the environment of the oocyte in the late antral follicle changes from androgen dominant to estrogen dominant, a change that is critical for the follicles to escape atresia. Because of the absence of ER␤ in late antral follicles of BERKO mouse ovaries (C), the high E 2 concentration produced in granulosa cells does not downregulate AR expression. Persistence of an androgen-dominant environment causes follicular atresia and death of oocytes.
tion on the hypothalamus-pituitary axis and, prior to ovulation, induces the LH surge, a paradoxical estrogen-induced increase in LH secretion that is critical for initiation of ovulation [26, 27] . Increased plasma levels of estrogen also cause a reduction in FSH secretion from the pituitary gland, a fall in the circulating level of FSH, and consequently a reduction in FSH-dependent aromatase gene expression. In less well-developed follicles, this reduction in aromatase activity results in a reconversion to an androgenic microenvironment and to initiation of the process of atresia [26, 27] . In granulosa cells, FSH induces AR in primary but not mature follicles [28] . As follicles mature, there is a concomitant increase in estrogen levels in follicular fluid and a decrease in AR levels in granulosa cells. Because granulosa cells express ER␤ but not ER␣ [29] , we hypothesize that AR expression in the granulosa cells of late antral follicles is repressed by the activation of ER␤, and this repression changes the microenvironment of the oocyte from androgen dominant to estrogen dominant. This change is critical for survival of the follicle [2, 22] . If AR expression remains high, antral follicles cannot undergo conversion to estrogen dominance and their fate is atresia [27] . Such a regulatory mechanism would be compatible with the overexpression of AR in atretic follicles in BERKO mice. A working hypothesis of the role of ER␤ in follicular maturation, based on current concepts and the present data, is presented in Figure 4 .
Flutamide is a nonsteroidal antiandrogen of known efficacy in hirsutism in polycystic ovarian syndrome (PCOS) patients who have hyperandrogenism [30, 31] . In young women with PCOS, ovulation was restored after 6 mo of treatment with flutamide [32] . In the present study, after 15 days (4 estrous cycles) of treatment with flutamide, healthy late antral follicles appeared in BERKO mice. In addition, all 3 of the 8-wk-old mice and three of five 5-mo-old BER-KO mice had corpora lutea after treatment. Healthy late antral follicles and corpora lutea were very rare in the ovaries of untreated BERKO mice. Cyclin D2, a proliferation marker for granulosa cells [5] , was expressed in the healthy growing follicles in both WT and BERKO mice. The cumulus oophorus of the preovulatory follicles in WT mice still expressed cyclin D2. However, cyclin D2 was not expressed in atretic follicles in either WT or BERKO mice. In BERKO mouse ovaries, most of the late antral follicles did not express cyclin D2. This finding is consistent with the morphologic observation of an increased number of atretic follicles seen at late antral stage. Treatment with flutamide increased the number of healthy follicles in BERKO mice, with a concomitant increase in the expression of cyclin D2 in antral follicles. These results show that upon administration of flutamide, proliferation of granulosa cells was stimulated and follicles developed to the late antral stage. These results support our notion that it is the lack of downregulation of AR in BERKO mouse ovary that results in the increased follicular atresia. Previous studies [33] have shown that flutamide does not change uterine or ovarian weight, alter serum estradiol or progesterone levels, or have progesterone effects. We cannot, however, rule out the possibility that the effect of flutamide in the BERKO ovary was mediated by its action outside of the ovary.
In addition to abnormal follicular maturation, there were also marked morphologic changes in the stroma of adult BERKO mouse ovaries. With increasing age, numerous foamy cells appeared in the stroma of BERKO ovaries. At 2 yr of age, most of the stromal cells in BERKO mice were replaced by these foamy cells but these cells were only occasionally seen in WT mice. Oil red O staining revealed an abnormal accumulation of lipid droplets in the cytoplasm of the stromal cells in BERKO mouse ovaries. The reason for the abundance of these cells in BERKO mouse ovaries remains to be determined.
Ovaries from BERKO mice are characterized by abnormal follicular maturation, increased atresia, paucity of corpora lutea, and early follicle exhaustion. Although it might not be the only cause, the dysregulation of AR appears to play an important role in the BERKO ovarian phenotype.
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